In most male birds that exhibit paternal care, elevation in testosterone above the breeding baseline reduces nestling provisioning, which can be detrimental to offspring survival. Mechanisms that may allow some males to avoid this detrimental effect of elevated testosterone include (1) decreased sensitivity to testosterone's effects on behavior and (2) uncoupling of testosterone secretion from territorial challenges (thus reducing the number of transient elevations in testosterone above the breeding baseline). Both of these "cost-avoidance" mechanisms have been documented, but whether selection for these mechanisms is correlated or independent is unknown. We investigated the relationship between elevated testosterone and paternal care in a tropical bird, the rufous-collared sparrow (Zonotrichia capensis). Zonotrichia capensis males exhibit an uncoupling of testosterone secretion from territorial aggression, and this species has a flexible breeding season and a clutch size smaller than those of temperate congeners. We implanted males with testosterone or empty implants and observed paternal behavior 2-3 and 6-7 d posthatch. During both observation periods, 100% of control males fed chicks, whereas 22% and 0% of testosterone-implanted males fed chicks on days 2-3 and 6-7, respectively. Chicks of testosterone-implanted males weighed less than control chicks, but tarsus growth, wing growth, and fledging success did not differ. Thus, we demonstrate a robust negative effect of testosterone on nestling provisioning that may not ultimately affect reproductive success. We suggest that these results relate to extreme flexibility in breeding schedule and the small clutch size in this tropical species. Our data also suggest that selection for the two mechanisms to avoid deleterious effects of elevations in testosterone above the breeding baseline likely occurs independently.
Introduction
Vertebrate males may derive a variety of benefits from maintaining high plasma levels of the steroid hormone testosterone during breeding. For example, testosterone mediates reproductive and often territorial behaviors (Balthazart 1983; Wingfield et al. , 2000 , and elevated levels have been associated with increased rates of extrapair paternity (Raouf 1997; Reed et al. 2006) . However, there are also potential costs to males of maintaining elevated testosterone throughout the breeding season, including greater predation risk (Marler and Moore 1988) , potentially decreased immune function (Hillgarth and Wingfield 1997; Duffy et al. 2000; Owen-Ashley et al. 2004) , and altered activity levels and energy balance (Wikelski et al. 1999; Lynn et al. 2000) . One prominent cost associated with elevated testosterone levels is decreased paternal care of offspring (reviewed in Lynn 2008) . In species in which paternal care is necessary for successful reproduction, this cost may be considered one of the strongest selective forces keeping testosterone levels relatively low when offspring need care.
In seasonally breeding birds in which paternal care is displayed, testosterone levels rise early in the breeding season in males and later decline to a lower breeding baseline as nesting begins (Wingfield and Moore 1987; Ball 1991; Wingfield and Farner 1993) . Despite a relatively low plasma testosterone level during this time, data from a number of species indicate that males retain the capacity to transiently elevate testosterone secretion once nesting is under way. For example, testosterone secretion may be stimulated by social interactions, such as territorial challenges by other males (see Goymann et al. 2007 for a recent review) or cues from receptive females (Feder et al. 1977; Moore 1982 Moore , 1983 . These transient elevations in testosterone are presumed to enhance territorial aggression in the event of a challenge or to facilitate sexual responses to receptive females.
A large number of studies have demonstrated that male birds given implants that maintain plasma testosterone at physiologically relevant peak levels throughout the breeding season exhibit increased levels of aggression during simulated territorial intrusions, increased levels of sexual behavior, and decreased attention to nestling provisioning, compared with males carrying empty implants as controls (reviewed in Lynn 2008) . This extended period of elevated testosterone results in a testosterone profile that resembles that of a polygynous species in which males do not provide paternal care (Wingfield et al. 1990 ). Thus, a male's plasma testosterone profile during the breeding season is thought to reflect a trade-off between the relative benefits of enhanced sexual and aggressive behavior (e.g., increased extrapair fertilizations, enhanced territory defense) and the costs of reduced paternal behavior (e.g., reduced nestling survival; Wingfield et al. 1990 ; Ketterson et al. 1992 ). In addition, the outcome of studies in which testosterone is artificially elevated above the breeding baseline clearly indicates that males of many species retain the capacity to behaviorally respond to elevated testosterone, even when testosterone levels are naturally lower. However, mounting evidence suggests that males of some species become behaviorally insensitive to elevated testosterone during the breeding season. That is, for some species, males do not retain the capacity to respond to elevated testosterone with respect to expression of intrasexual aggression or expression of paternal care (reviewed in Lynn 2008) .
Behavioral responses to elevations in testosterone may therefore occur along a continuum ranging from high sensitivity to complete insensitivity. Specific constraints of the breeding environment have been hypothesized to relate to the evolution of different behavioral sensitivities to testosterone. For example, ecological constraints that may favor evolution of behavioral insensitivity include (1) a low likelihood of successful renesting should a nesting attempt fail (e.g., because of a short breeding season or extremely high levels of nest predation) and (2) a low likelihood that young will fledge successfully if male care is reduced (Hunt et al. 1999; Lynn et al. 2002 Lynn et al. , 2005 Lynn 2008 ). Conversely, selection for behavioral sensitivity to testosterone is expected to be strong in environments in which renesting attempts are likely to be successful and in which females may successfully compensate for a reduction in male care.
Thus, when the costs of responding to elevated testosterone by decreasing paternal care are too high, behavioral insensitivity to testosterone may evolve. This would require selection for specific physiological mechanisms that downregulate tissue (i.e., brain) sensitivity to testosterone. Therefore, downregulation of tissue sensitivity to testosterone may represent one "cost-avoidance" mechanism by which males may avoid the potentially deleterious effects of responding to elevated testosterone during the nestling phase (Hunt et al. 1999; Lynn et al. 2002 Lynn et al. , 2005 Wingfield and Hunt 2002; Lynn 2008) . In males exhibiting this cost-avoidance mechanism, transient elevations in testosterone above the breeding baseline may still occur (e.g., in response to cues from fertile females), but tissue insensitivity, at the level of the appropriate brain area, would prevent these elevations from interfering with nestling provisioning. Another possible cost-avoidance mechanism is the elimination of testosterone secretion in response to territorial challenges (Goymann et al. 2007; Lynn 2008; Lynn and Wingfield 2008) . In this scenario, territorial challenges would not stimulate testosterone secretion above the breeding baseline, although encounters with receptive females could presumably elicit transient surges in testosterone (Feder et al. 1977; Moore 1982 Moore , 1983 . The net effect would be a lessening (or, in some species, an elimination) of potentially disruptive elevations in testosterone during the parental phase.
Data supporting the existence of both of these cost-avoidance mechanisms are abundant (reviewed in Goymann et al. 2007; Lynn 2008) , and the two mechanisms have been hypothesized to co-occur (Goymann et al. 2007; Lynn 2008) . However, the two mechanisms have been investigated simultaneously in only three species (Lapland longspur Calcarius lapponicus [Hunt et al. 1995 [Hunt et al. , 1997 [Hunt et al. , 1999 , great tit Parus major [Van Duyse et al. 2000 , 2002 , and chestnut-collared longspur Calcarius ornatus [Lynn et al. 2002; Lynn and Wingfield 2008] ), and all three species exhibit both (1) reduced behavioral sensitivity to elevations in testosterone and (2) no increase in testosterone secretion in response to territorial challenges. In all three species, the likelihood of successful renesting is low because of single broodedness (Van Duyse et al. 2002) , a short breeding season (Hunt et al. 1997 (Hunt et al. , 1999 , or high levels of nest predation (Lynn et al. 2002 . In addition, male care of offspring appears to be highly important for survival of young (Björklund and Westman 1986; Hunt et al. 1999; . Thus, selection for mechanisms to avoid the potentially deleterious effects of elevated testosterone on paternal care is expected to be strong in these species. However, whether selection for these two cost-avoidance mechanisms is correlated or independent is unknown.
The vast majority of studies of testosterone and behavior in birds have focused on arctic and temperate breeding species. However, tropical habitats exhibit a unique set of ecological features that may help to shed light on the role of life-history and ecological constraints in shaping the evolution of testosterone-behavior interrelationships in birds (e.g., see Wingfield and Lewis 1993; Hau et al. 2000; Wiley and Goldizen 2003; Moore et al. 2004a Moore et al. , 2004b . The rufous-collared sparrow (Zonotrichia capensis) provides an ideal opportunity to extend this work to the tropics, for several reasons. Rufous-collared sparrows are socially monogamous (with extrapair mating; F. Bonier and P. R. Martin, unpublished data) and exhibit biparental care (Miller and Miller 1968) . Rufous-collared sparrows, like many tropically breeding birds, lay fewer eggs than their temperate and arctic congeners (e.g., 2-3 eggs/clutch vs. 4-6 eggs/clutch in higher-latitude Zonotrichia; Miller and Miller 1968; King and Hubbard 1981; Morton 2002) . In addition, rufous-collared sparrows have a relatively flexible breeding schedule (Miller and Miller 1968) . Interestingly, elevated levels of testosterone appear not to be related to territorial aggression in this species. During the prebreeding and breeding seasons, males aggressively defended their territories, but testosterone levels did not increase during intrasexual social challenges (Moore et al. 2004a ). In addition, neither blocking testosterone action nor artificially increasing plasma testosterone had any effect on territorial aggression (Moore et al. 2004a (Moore et al. , 2004b . These findings suggest that plasma testosterone may be decoupled from malemale social challenges during breeding in male rufous-collared sparrows.
We were interested in determining whether tropically breeding male rufous-collared sparrows exhibited behavioral sensi-tivity to elevated testosterone with regard to nestling provisioning. In addition, this species offered us the unique opportunity to investigate the question of whether selection for the two mechanisms proposed for avoiding the potentially detrimental effects of testosterone on paternal behavior (elimination of testosterone secretion in response to social stimulation, downregulation of behavioral sensitivity to testosterone) is correlated or independent. Because rufous-collared sparrows exhibit an uncoupling of testosterone and aggression (Moore et al. 2004a (Moore et al. , 2004b but also have presumably decreased pressure for both parents to exhibit high levels of parental care (because of clutch sizes smaller than those of temperate and arctic congeners and a flexible breeding season that allows opportunities to renest), we adopted a strong-inference approach (Platt 1964 ) of developing multiple alternative hypotheses with respect to whether elevated testosterone would affect paternal behavior. Our first hypothesis was that (1) reduced parental requirements drive the relationship between testosterone and parental care in this species. From this hypothesis, we predicted that males would respond to elevated testosterone by decreasing parental care (i.e., exhibit the "behaviorally sensitive" phenotype), because females would likely be able to compensate sufficiently for a reduction in male care of young. Alternatively, our second hypothesis was that (2) the uncoupling of testosterone and aggression indicates an overall uncoupling of testosterone and behavior in this species. Thus, from this hypothesis, we predicted that males would not respond to elevated testosterone by decreasing nestling provisioning (i.e., males would exhibit the "behaviorally insensitive" phenotype). We tested our predictions by monitoring nestling provisioning behavior by male rufous-collared sparrows implanted with testosterone-filled or empty (control) implants at two stages of nestling development as well as by monitoring growth rates and fledging success of their nestlings.
Material and Methods

Species and Study Area
We studied a population of rufous-collared sparrows breeding in Papallacta, Ecuador (0Њ21ЈS, 78Њ9ЈW, elevation 3,300 m), during September-November 2007. Individuals were banded with metal leg bands plus a unique combination of colored plastic leg bands for visual identification. All sparrows used in this study exhibited social monogamy (i.e., remained paired with social mates for the duration of the nesting period), and all nests contained two eggs that produced two nestlings. All animal procedures described here were approved by the Virginia Tech Institutional Animal Care and Use Committee.
Implants
At the beginning of the breeding period, 46 males were captured passively with mist nets. Because of the flexible breeding schedule of this population, dates of nest initiation varied by pair; for pairs with known nest initiation dates, 12 males were captured 5-33 d before the day the first egg was laid and four were captured 2-9 d after the first egg was laid (i.e., early to midincubation). On average, implants were inserted d 10 ‫ע‬ 2.9 before the first-egg date. After capture, males were randomly assigned either testosterone-filled ( ) or empty (control, n p 28 ) implants. Implants consisted of two 12-mm segments n p 18 of silastic tubing (Dow Corning, Midland, MI; i.d. 1.47 mm, o.d. 1.96 mm) either packed with crystalline testosterone (Sigma, St. Louis) or left empty. Implants were sealed at both ends with 1 mm of silicone sealant, so the effective total implant length for two implants was 20 mm. Implants were inserted subcutaneously along the left flank, and the incision was sealed with veterinary sealant (Vetbond, 3M). Implants of this nature begin steadily releasing testosterone within 24 h and continue to release testosterone for approximately 60 d in similarly sized birds (Wingfield 1984; Ketterson et al. 1991) . We have used similar implants in this species and have documented the resulting testosterone levels in the high physiological range (Moore et al. 2004a ). Blood samples were collected from all implanted males before implant (see "Blood Sampling and Hormone Assay") and from a subset of males ( ) later in the n p 14 study (average: d after insertion; range: 4-41 d) to 14.2 ‫ע‬ 2.9 confirm that the testosterone implants effectively elevated plasma testosterone levels over control levels.
Rufous-collared sparrows are sexually monomorphic. Thus, to assist with rapidly differentiating between males and females during behavioral observations, all males, regardless of treatment, were marked with a small amount of white and orange paint on the crown of the head before release.
Blood Sampling and Hormone Assay
On capture, blood samples were collected from each male in heparinized microhematocrit capillary tubes by puncturing a wing vein (26-gauge needle). The average time from capture to sample collection was min. Blood flow was stopped 6.9 ‫ע‬ 0.3 with cotton, and blood was stored on ice until later in the day, when plasma was separated from blood cells by centrifugation and stored at Ϫ20ЊC until hormone assays were conducted. Direct radioimmunoassay (without chromatography) was used to determine total androgen levels in plasma samples after extraction with dichloromethane, as described in Moore et al. (2002) and Tramontin et al. (1999) . The antibody used for hormone assays (WLI-3003S, Fitzgerald Industries, Concord, MA) has significant cross-reactivity with other androgens, and thus the levels we report represent total plasma androgens. The limit of detection for the assay was ∼0.14 ng/mL, depending on plasma volume. Samples were run in duplicate in a single assay, and intra-assay variability was 7.48%.
Behavioral Observations
Twenty-eight of the 46 implanted males were sighted more than once on the study site after implantation. We found 30 nests on the study site by observing behavior during nest building or by flushing females from nests with eggs. We located the nests of 14 testosterone-implanted males and seven control-implanted males. We also located nine nests of unimplanted males that we had banded in previous years on the study site. Preliminary data from this study indicated no differences in behavior or hormone levels between control-implanted and unimplanted males (testosterone levels in control-implanted and unimplanted males: and ng/mL, 4.18 ‫ע‬ 1.88 4.01 ‫ע‬ 1.45 respectively; t-test: , ), and previous studt p 0.064 P p 0.950 13 ies demonstrated no difference in plasma testosterone levels between control-implanted and unimplanted birds (Hunt et al. 1997 (Hunt et al. , 1999 Lynn et al. 2002) . Thus, we combined controlimplanted and unimplanted males into a single group of "control" males.
Nests were monitored regularly until eggs hatched. Because of nest failures, we were unable to observe parental behavior at all of the nests we located. Ultimately, we recorded parental behavior on days 2-3 posthatch for nine testosterone-implanted and seven control males and on days 6-7 posthatch for seven testosterone-implanted and five control males. To record behavior, we used a digital video camera (Sony Handycam, DCR-HC48) placed on a tripod at least 4 m from the nest. In addition, two observers were located at least 12 m from the nest in different directions. Observers used a combination of spotting scopes and binoculars to observe behavior at the nest and in the surrounding area and to identify color bands on adults. We recorded the number of feeding visits made by males (i.e., visits in which the males went to the nest with food and subsequently left the nest without food). All observations were conducted between 0630 and 1300 hours.
Nestling Growth Measurements
Starting on hatch day (designated "day 0"), we visited nests every 2 d to conduct measurements of nestling growth. We measured body mass ‫10.0ע(‬ g) of each chick, using a digital scale (Pocket Pro PP-62, Acculab, Edgewood, NY) placed inside a windproof box. We also measured tarsus length to the nearest millimeter, using calipers, and measured wing length to the nearest millimeter, using a ruler. In five nests, eggs hatched 1 d apart. To enable identification of individual chicks for repeated measurements at these nests, we clipped the tip of the toenail of a different toe on each chick. This method of marking chicks allowed for easy identification of individuals on subsequent visits without harming chicks. All chicks were banded with aluminum leg bands on day 6. Rufous-collared sparrows typically lay two eggs, and chicks fledge after approximately 10-12 d (Miller and Miller 1968) . To ensure that handling would not induce premature fledging, we stopped measuring chicks after day 8. When the oldest chick in each nest was 10 d old, we began monitoring nests daily to determine when chicks fledged.
Data Analysis
We compared plasma testosterone levels between testosteroneimplanted and control males before and after implantation, using independent-samples t-tests. To determine whether testosterone treatment before nest initiation altered the timing of egg laying, we converted the dates of first egg laying to Julian dates for 21 nests with known first-egg dates and compared the average first-egg date between testosterone-implanted and control males, using independent-samples t-tests. We used Mann-Whitney U-tests to compare the average number of feeding visits per 90-min observation period between testosteroneimplanted and control males on days 2-3 and days 6-7, and we used x 2 tests to determine whether the proportion of males that made feeding visits to their nests during observation periods differed by treatment on days 2-3 and days 6-7.
For the purposes of analyzing nestling growth parameters (mass, tarsus, and wing) and to avoid problems of pseudoreplication, each nest was considered an experimental unit. We designated hatch day as day 0 for a given nest. The majority of nests showed synchronous hatching, but in nests of three testosterone-implanted males and two control males, nestlings hatched 1 d apart. Because we were concerned about daily nest visits enhancing nest predation rates, we continued to visit these nests on days 0, 2, 4, 6, and 8 after the first chick hatched. Thus, for five total nests, we measured one chick only at 0, 2, 4, 6, and 8 d of age, whereas the other chick was measured at 1, 3, 5, and 7 d of age. Because any reduction in male care of nestlings could possibly affect the later-hatched chick and its older sibling differently, we analyzed nestling body measures in two ways: (1) we calculated average nestling body measurements for nests using only the nestlings that were 0, 2, 4, 6, and 8 d old on measurement days (thus excluding the laterhatched chick's measurements for the nest average in the five asynchronously hatching nests); and (2) we calculated the average nestling measurements per nest on days 0, 2, 4, 6, and 8 after the first chick hatched (thus, the later-hatched chick's measurements were averaged with the first-hatched chick's measurements when the later-hatched chick was 1 d younger). Because of nest failures occurring at different stages of the nestling phase, we conducted Mann-Whitney U-tests to compare nestling mass, tarsus length, and wing length between nests of testosterone-treated and control males on day 8. This was the final measurement day before fledging, which allowed us to assess any potential affects of male treatment on late-stage nestling development.
To estimate daily growth rates, we used data collected from all control chicks to construct growth curves for each measurement (mass, tarsus, and wing). We then used simple linear regressions to determine the period of time during which each component grew linearly. We calculated the individual daily mass and wing and tarsus growth for each chick over this time period and averaged daily growth rates within each nest. We compared average daily growth rates of mass, wing chord, and tarsus for chicks of testosterone-implanted and control males, using Mann-Whitney U-tests.
For all of the nests we located on our study site for which we had complete records of fledging/failure ( ), we comn p 25 pared the proportion of nests of control and testosteroneimplanted males that successfully fledged at least one nestling, using a x 2 test. For nests that successfully fledged young, we Figure 1 . Plasma testosterone levels in male rufous-collared sparrows before and after implantation with testosterone-filled or empty (control) implants. Before insertion of implants (top), plasma testosterone did not differ between treatment groups; however, after insertion of implants (bottom), testosterone-implanted males (filled bars) had significantly higher plasma testosterone than control-implanted males (open bars). Bars indicate means ‫ע‬ SE. Numbers above bars indicate sample size for each group. The two asterisks indicate . P ! 0.005 also compared the average age of nestlings at fledging according to male treatment, using an independent-samples t-test. All values are reported as means ‫ע‬ SE unless noted otherwise.
Results
Implants
Testosterone implants effectively elevated plasma androgens above the level of control males in this study. Before insertion of implants, plasma androgen levels did not differ between treatment groups (t-test: , ; Fig. 1 ). t p Ϫ0.519 P p 0.606 44 However, when a subset of implanted males was sampled later in the season, plasma androgen levels were significantly higher in testosterone-implanted males than in control-implanted males (t-test: , ; Fig. 1 ) and days 6-7 of the nestling phase (Mann-Whitney
hundred percent of control males fed chicks during both observation periods, whereas 22% and 0% of testosteroneimplanted males fed chicks on days 2-3 and 6-7, respectively. Thus, the proportion of males that fed their chicks at all was significantly higher for control males than for testosteroneimplanted males on days 2-3 (x 2 test: , df p 1, 2 x p 12.89 ) and on days 6-7 (x 2 test: , df p 1, 2 P p 0.00186 x p 12.89 ). P p 0.00033
Nestling Growth
When we calculated nestling growth parameters using only nestlings that were measured when they were 0, 2, 4, 6, and 8 d old (thus excluding measurements for later-hatched chicks in the five nests that hatched asynchronously), we found that body mass of nestlings differed by male treatment but that tarsus and wing length did not. Eight-day-old nestlings in nests of testosterone-implanted males were significantly lighter than 8-d-old nestlings in nests of control males (Mann-Whitney Utest: , , , ; Fig. 3a) . However, U p 0.00 N p 4 N p 5 P p 0.014 ; Fig. 3c ). Because calculations of nestling growth P p 0.462 parameters used in the previous analysis excluded the measurements of later-hatched nestlings in five nests in which hatching was asynchronous, we also calculated nestling growth parameters such that later-hatched nestling measurements were included (see "Data Analysis"). However, this did not alter the outcome of statistical comparisons.
Growth of body mass, wing length, and tarsus length was linear over days 0-8 (mass, ; wing, ; tarsus, R p 0.993 R p 0.966 ). P p 0.749
Fledging Success
The proportion of nests that successfully fledged young did not differ between testosterone-implanted and control males (x 2 test: , df p 1, ). Nestlings of control males 2 x p 0.172 P p 0.678 fledged on average 1.5 d earlier than nestlings of testosteroneimplanted males, but this difference was not significant (nestlings of control males:
d; nestlings of testosterone-12.5 ‫ע‬ 0.957 implanted males:
). 0.339
Discussion
Testosterone and Paternal Care in Rufous-Collared Sparrows
We investigated whether experimentally elevated testosterone disrupted nestling provisioning by male rufous-collared sparrows and used a strong-inference approach (Platt 1964 ) of developing multiple alternative hypotheses. Our first hypothesis was that reduction of parental requirements (due to an extended breeding season, small clutch sizes, and a high likelihood of successful renesting) may drive the relationship between testosterone and parental care in this species. From this hypothesis, we predicted that males would respond to elevated testosterone by decreasing parental care, because females would likely be able to compensate sufficiently for a reduction in male care of young. The second hypothesis we posed was that the uncoupling of testosterone and aggression in rufous-collared sparrows (Moore et al. 2004a (Moore et al. , 2004b ) may indicate a broader uncoupling of testosterone and behavior during nesting. From this hypothesis, we predicted that males would not respond to elevated testosterone by decreasing nestling provisioning. The results of our study support the first hypothesis and not the second.
Plasma androgen levels achieved by our testosterone implants were within the range of high breeding levels of androgens observed in this population (Moore et al. 2002 (Moore et al. , 2004a . This significant elevation of plasma androgens dramatically altered male provisioning of nestlings. Whereas 100% of control males fed their nestlings during observation periods, only two testosterone-implanted males (22%) fed their nestlings on days 2-3, and no testosterone-implanted males fed their nestlings on days 6-7. Thus, male rufous-collared sparrows showed extreme sensitivity to experimentally elevated testosterone during the parental phase: elevated testosterone induced a near complete inhibition of nestling provisioning. The average total plasma androgen levels that our implants achieved were slightly higher than testosterone levels reported for males carrying similar implants in this population (e.g., Moore et al. 2004a) . However, we report total plasma androgen levels (because of significant cross-reactivity by the antibody we used with androgens other than testosterone, particularly dihydrotestosterone), which are expected to be higher than plasma testosterone levels alone (as reported by Moore 2004a, who used column chromatography to separate androgens before radioimmunoassay). The implants that we used were within the high physiological range of plasma testosterone exhibited by male rufous-collared sparrows in this population (Moore et al. 2002 (Moore et al. , 2004a . Al-though most testosterone implant studies aim to elevate testosterone levels to peak breeding levels, as we have done here, we are aware of only one study (Hunt et al. 1997 ) that has explored the effects of a range of physiologically relevant testosterone levels on behavior by using testosterone implants of varying sizes in free-living birds. This may be an interesting area for future study.
Females mated to testosterone-implanted males were apparently able to mostly compensate for the dramatic reduction in male care, at least in terms of nestling growth and survival to fledging. Although nestlings of testosterone-implanted males had a lower mass than nestlings of control males on day 8 of the nestling phase, nestlings of testosterone-implanted and control males did not differ in two structural features (tarsus length and wing length) that are strong determinants of fledgling survival (Starck and Ricklefs 1998) , and estimates of daily nestling growth rates did not differ by male treatment. In addition, the percentage of nests that fledged young did not differ according to treatment. Although nestlings of testosterone-implanted males fledged, on average, a day and a half later than nestlings of control males, this difference was not significant. Because we were unable to accurately distinguish between female feeding visits and brooding visits in this study, we did not measure frequency of female feeding visits to the nest. Thus, we do not know whether females compensated for reduced male care by (1) increasing the frequency of their own feeding visits, (2) increasing the volume of food brought to chicks, (3) both, or (4) simply increasing the period of time in which young were in the nest. Nevertheless, females were clearly able to compensate for a strong suppression of male provisioning behavior such that nestling survival was not reduced in nests of testosterone-implanted males. Future studies should focus on the effect that compensating for such a dramatic suppression of male provisioning behavior may ultimately have on females.
Although it has been demonstrated that males of many species reduce nestling provisioning in response to elevated testosterone (reviewed in Lynn 2008), to our knowledge, this is the most extreme reduction in male provisioning behavior documented as a result of testosterone treatment in a songbird. We suggest that life-history and ecological features specific to the tropics, such as a small clutch size and a flexible breeding schedule that does not limit opportunities for successful renesting after nest failure, may offset the costs of reduced care by males. For example, with a small clutch size, females are more likely to be able to compensate for a lack of paternal care and raise offspring on their own.
Testosterone's suppressive effect on paternal behavior is often thought to result from enhanced sexual or territorial behavior at the expense of paternal behavior (e.g., Wingfield et al. 1990; Ketterson et al. 1992) . Previous work demonstrates that testosterone does not enhance territorial aggression in male rufous-collared sparrows (Moore et al. 2004a (Moore et al. , 2004b , which implies that testosterone-implanted males in our study did not exhibit a trade-off between territorial and paternal behavior. However, males may have enhanced sexual behavior (i.e., by promoting extrapair copulations) at the expense of nestling provisioning. Several studies have demonstrated that testosterone implants stimulate sexual behavior or behavior that may increase opportunities for achieving extrapair fertilizations, for example, in the form of enhanced song or spending more time off or at the periphery of the breeding territory such that fertile females may be encountered more readily (Silverin 1980; Hegner and Wingfield 1987; Ketterson et al. 1992 Ketterson et al. , 1996 Chandler et al. 1994; Beletsky et al. 1995; Titus 1998; Hunt et al. 1999; De Ridder et al. 2000; Stoehr and Hill 2000; Lynn et al. 2002) . Rufous-collared sparrows from this population exhibit high rates of extrapair paternity (F. Bonier, P. R. Martin, and I. T. Moore, unpublished data), but we did not quantify male sexual behavior in our study. However, we did note that testosteroneimplanted males were always present on their territories and frequently interacted with their pair-bonded mates (e.g., foraging or following) during nest observations, despite not visiting their nests to feed nestlings (S. E. Lynn and L. E. Prince, unpublished observations). This raises interesting questions, which should be addressed in future studies, regarding how testosterone-implanted males might have reallocated their time during the nestling phase.
Differential Selection for Mechanisms to Avoid the Costs of Testosterone
Two physiological mechanisms that may enable males to avoid the potentially deleterious effects of testosterone on offspring survival have been proposed. These are (1) downregulation of sensitivity to testosterone at the tissue level (i.e., brain) and (2) elimination of testosterone secretion in response to territorial challenge (Wingfield and Hunt 2002; Lynn 2008; Lynn and Wingfield 2008) . Our study species provided us with a unique opportunity to address the question of whether selection for these mechanisms is correlated or independent. Lack of androgen responsiveness to male-male social challenges has been documented for a number of species (reviewed in Goymann et al. 2007 ); however, behavioral insensitivity to testosterone with regard to paternal care has been documented in only three species (Lapland longspurs Calcarius lapponicus [Hunt et al. 1999] , chestnut-collared longspurs Calcarius ornatus [Lynn et al. 2002] , and great tits Parus major [Van Duyse et al. 2002] ). Interestingly, the three species that exhibit behavioral insensitivity to testosterone also do not exhibit elevations in testosterone in response to male-male social challenges (Hunt et al. 1995; Van Duyse et al. 2004; Lynn and Wingfield 2008) , which, despite a limited data set, has led to speculation that selection for these two mechanisms may be correlated (Goymann et al. 2007; Lynn 2008) . However, we have demonstrated that in rufous-collared sparrows, a species for which aggressive encounters appear not to elicit an increase in testosterone secretion (i.e., they exhibit mechanism 2; Moore et al. 2004a Moore et al. , 2004b , males retain the capacity to respond to elevated testosterone by reducing paternal care (i.e., they do not exhibit mechanism 1; this study). Thus, our data strongly suggest that these two possible mechanisms for avoiding the costs of elevated testosterone during the parental phase likely evolve in response to different selection pressures and are at least partially independent. However, further studies in which both androgen responsiveness to male-male social challenges and behavioral sensitivity to testosterone are investigated in the same species or population are warranted to further elucidate these testosterone-behavior relationships and the selection pressures under which they evolve.
